Abstract
Introduction
Post-stroke depression (PSD) refers to the occurrence of depressive mood or anhedonia in post-stroke patients with the symptoms lasting for over two weeks [1, 2] . PSD significantly influences the patients' cognition, recovery and daily life. It is reported that the morbidity of PSD within two weeks is 28.1% [3, 4] , within a year is 61%, and within two years is 79% [5, 6] . However, benefit of present used antidepressant drug was not satisfactory [7, 8] . Therefore, further study on the pathogenesis of PSD and development of effective prevention and treatment are in urgent needs.
So far, pathogenesis of PSD is unclear and was found to be with great difference among various researches. It was considered that stroke directly impairs neuroanatomical structures related to depression such as frontal lobe and temporal lobe, etc. Bhogal et al. [9] conducted a meta-analysis of 26 studies and found that the relationship between PSD and the region of infarction was uncertain, while Altieri et al. [10] reported that there was no correlation between the occurrence and severity of PSD as well as between the frontal lobe and temporal lobe, etc.
In recent years, a large amount of neuroimaging studies have discovered that mental disorders such as depression, autism etc. are related to cerebellar dysfunctions [11, 12] . While at present, there are few reports on the study of the correlation between cerebellum and PSD. As a special kind of depression, PSD may have similar manifestations and pathogenesis as depression. Thus we hypothesized that cerebellum may be involved in the occurrence and progression of PSD [13] and be one of significant pathogenesis factors for PSD.
In this study we applied multi-modality MRI and 1H-MRS to study the quantitative alterations of cerebellar structures and metabolic states in patients with PSD, and analyzed the correlations between these changes and depression severity.
Materials and Methods

Subjects' selection and assessment
The study was approved by Ethics Committee of the First Affiliated Hospital of Liaoning Medical University. All subjects signed the informed consents. The gender, age and education etc. of the CONT and NORM groups were not significantly different compared respectively with those of the PSD group (all P>0.05).
PSD-Patients were hospitalized in the Department of Neurology in the First Affiliated Hospital of Liaoning Medical University. Inclusion criteria for PSD patients were as followed, 1). with first-ever ischemic stroke in the basal ganglia region confirmed by cranial CT and MRI (either left or right) met the diagnostic criteria adopted by the Fourth National Symposium on cerebrovascular diseases in China in 1995; 2). with symptoms suggested as the diagnostic criteria for depression in Chinese Classification and Diagnostic Criteria for Mental Disorders-the third edition (CCMD-3) and scores≧30 in Self-rating Depression Scale (SDS). Hamilton depression scales (HAMD, 24 items) was applied to assess depression severity, in which those with scores >7 was included in PSD Group, scores between 8 and 17 as mild, between 18 and 24 as moderate, and scores>24 as severe. Exclusion criteria were as followed, 1). Those aged over 80 years old; 2). Those with a history of cerebrovascular events (cerebral infarction or cerebral hemorrhage), head injury or cerebral organic diseases; 3). Those with basal-ganglia lesion; 4). Those with mental retardation, severe visual and hearing disturbances, and aphasia affecting the examination or unable to complete dementia assessment; 5). Those with family or personal history of psychiatric disorders such as depression and anxiety etc; 5). Those suspected to be with a history of alcohol or drug abuse.
Control-patients were from in neurology department in the First Affiliated Hospital of Liaoning Medical University. All control patients were diagnosed as ischemic stroke in the basal ganglia with SDS scores less than 30 and HAMD scores no more than 7 which represented an exclusion of depressive state. Criteria for Control-inclusion were as followed, 1). Those with symptoms suggested in the 1994 national work conference on cerebrovascular disease diagnostic criteria of cerebral infarction; 2). Those without depression according to CCMD-3; 3). Those with HDRS 17-item [22] scores<7; 4). Those with illness duration <2 weeks; 4). Those suffering from their first ischemic stroke.
Normal healthy volunteers were with ages and education history matched patients in PSD group, without personal or family history of depression and anxiety, without brain injury and cerebral organic diseases and without depression shown as SDS and HAMD Scale. All of them were right-handed.
MRI Scan Protocol
The MRI scan was performed with a Siemens 3.0T Trio MRI scanner using a standard quadrature head coil. Diffusion images were obtained using single-short spin-echo echo-planar sequences (repetition time/echo time 10 000/100, 20-cm field of view, 128×192 matrix, 5-mm thickness, no gap; b1000 sec/ mm2). T1WI, T2WI and DWI sequences were adopted with scanning parameters as follows, axial, T1WI RTSE:TR=2000ms, TE=20ms, IR=800ms, thickness 6mm, interval 1mm, NSA=1, matrix=484×377, TSE Factor 15; FLAIR sequence, TR=11000ms, TE=120ms, IR=2800ms, thickness 6mm, interval 1mm, NSA=1, matrix=240×187, TSE Factor=32; sagittal plane T2W TSE:TR=2123ms, TE=80ms, thickness 5mm, interval 1mm, NSA=1, matrix=384×336, TSE Factor=19. Original DICOM images were securely transferred to the Seaman's MRI Center (Calgary) for offline analysis. Any compromised images were excluded.
Cerebellar Volumetrics with Multi-modality MRI
Cerebellar volume measurements were carried out as shown in Figure 1 . Axial T1-weighted images were used. Region of interests (ROIs) were assigned in Osirix. Four ROIs were drawn on any axial slice containing cerebellum using predefined anatomic landmarks. Areas of cerebellar hemisphere and vermis were measured to generate 4 areas including right hemisphere, right vermis, left hemisphere, and left vermis. The total volumes (cm 3 ) for each section and side (right and left cerebella) were calculated with Osirix volumetric tool automatically. Analyses were carried out blindly to all clinical information and began from the most inferior slice to maintain the blindness to side of stroke. The same procedure was performed at 2 time points including acute T1 images defined baseline volumes and chronic (>12 months) and T1 images re-evaluated volume changes over time. All measurements were relabeled as ipsilateral or contralateral relative to lesion site once stroke side was revealed. Chronic T1 scans were visually inspected by the same investigator (A.K.) blinded to outcome and volumetric results and scored as having crossed cerebellar volume loss or not.
To control natural asymmetry in cerebellar volumes among subjects, individualized ratios were calculated as (volume of the side contralateral to lesion)/ (volume of the side ipsilateral to lesion) for both the acute and chronic images. The chronic ratio was then divided by the acute ratio for each subject to yield an asymmetry index (AI). Therefore, AI<1 suggests chronic atrophy of cerebellum volume of the side contralateral to lesion and cerebellar atrophy. ) generated by the software. ROIs were drawn on all axial slices from the most inferior slice at which cerebellum was visible to most superior. B. The software then aggregated these measurements to generate total volumes of each section (cm 
Cerebellar Fractional Analysis with DTI on Various Parts of Cerebellum White Matter
Diffusion tensor imaging (DTI) data were acquired using a 1.5 T Philips Gyroscan Intera system (Hoffman-LaRoche, Mijdrecht, Netherlands) equipped with a synergy-L sensitivity encoding (SENSE) head coil using a single-shot, spin-echo planar imaging pulse sequence. For each of the 32 non-collinear and non-coplanar diffusion sensitizing gradients, the 67 contiguous slices were acquired parallel to the anterior commissure-posterior commissure line. The imaging parameters were matrix, 240 × 240; field of view, 24cm×24cm; echo time, 76 ms; repetition time 10 726 ms; sensitivity encoding factor, 2; echo planar imaging factor = 59 and b = 1 000 mm2/s; number of excitations, 1 and a slice thickness of 2.3 mm. Diffusion tensor images were pre-processed using previously published methods [14] [15] [16] . The diffusion data set was pre-aligned to correct for head motion, and the effects of gradient coil eddy currents were corrected using software tools from the FMRIB software library (http://www.fmrib.ox.ac.uk/fsl). The resulting FA images were transformed into Montreal Neurological Institute standard space using Statistical Parametric Mapping (SPM2; Wellcome Department of Cognitive Neurology, London,UK). For each subject, the b = 0 images were coregistered with the structural T1 image; the same coregistration parameters were applied to the FA maps (in the same space as the b = 0 images). Each individuals' T1 image was then normalized to the SPM T1 template (in Montreal Neurological Institute standard space), and the same normalization parameters were then applied to the coregistered FA images. The normalized FA images were smoothed with an 8 mm full-width at half-maximum Gaussian kernel to decrease spatial noise, and a mean image (FA template) was created. Three cerebellar peduncles (superior cerebellar peduncle, middle cerebellar peduncle, inferior cerebellar peduncle) were evaluated using diffusion tensor imaging -Studio software (CMRM, Johns Hopkins Medical Institute, Baltimore, MD, USA) [17] .
Observation of Cerebellar Metabolism via 1H-MRS
Bilateral middle peduncles of cerebellum were selected as ROI in the T1WI or T2WI images of conventional MRI in all the subjects with the voxel of 1cm×1cm×1.5cm. Skull, fats, air-space and cerebrospinal fluid etc. and were avoided and saturation zone was applied to get rid of the influence of the tissues around. A dedicated MRS cranial coil and the point resolved spin echo spectroscopy (PRESS) in PROBE-SV package were applied in MRS scanning. Then a randomized LEONARDO sequence was used to automatically complete curve fitting, zero padding, Fourier Transform and adjustment of phase and baseline. Scanning parameters were TR=1500ms and TE=35ms. The emission and reception of gain adjustment shimming and anhydrous suppression scan were completed automatically with the full width at half maximum of water peak less than 3-5Hz. Observation of metabolite changes were carried out with 1H-MRS of normal brain tissues manifested different types of metabolite changes in different TEs. In this study, long TE was selected to measure NAA, Cho and Cr whose chemical shift was 2.02 ppm, 3.22 ppm and 3.02 ppm, respectively. We observed relative concentration changes of NAA and Cho calculated as ratios of NAA/Cr, Cho/Cr and Cho/ NAA. Cr is a kind of energy metabolite and was used as reference for its relative constant quantization in various states including pathological state and the stability of its concentration in cerebral metabolite. All scanning was conducted by the same experienced professional physicians. All images were recorded on the discs for measurement at the same time.
Statistical Analysis
Data were expressed as means ± standard deviation ( s x ± ). All statistical analyses were conducted with SPSS version 17.0. The χ2 test was used for analysis of nominal data, the one-way ANOVA for quantitative data, and student's t test for the mean comparison between two samples. Pearson correlation method was applied to analyze correlation between quantitative data for metabolic changes in cerebellum and the patients' HAMD scores. Significance was accepted if p < 0.05.
Results
Comparison of General Clinical Parameters
There was no significant difference in age, gender, education, blood lipids and blood glucose among the groups (P>0.05). There was no significant difference in NIHSS scores between PSD and CONT group (P>0.05). The SDS and HAMD scores in the PSD group were significantly different from those of the CONT and NORM group(P<0.05). Table 1 .
Alteration of Cerebellum volume
We compared volume of ipsilateral and contralateral cerebellum relative to lesions in the PSD and CONT group with that in the NORM group. In NORM and CONT subjects, there is no significant difference between volumes of left and right upper posterior, lower posterior lobes and hemispheres (P>0.05), while volume of lesion-contralateral lower posterior lobe was significantly smaller than the other side in PSD subjects (P<0.05). This indicates alteration of cerebellum value in PSD subjects Table 2 .
Alteration of Cerebellum white matter
We compared FA of ipsilateral and contralateral cerebellum relative to lesions in the PSD and CONT group with that in the NORM group. In NORM and CONT subjects, there is no significant difference between FAs of left and right upper, middle and lower lobes (P>0.05), while FAs of left and right upper, middle and lower lobes all decreased significantly in lesioncontralateral side in PSD subjects (P<0.05). This indicates alteration of cerebellum white matter in PSD subjects Table 3 .
Correlation analysis between volume and white matter with stress severity
We analyzed the correlation between cerebellum volume and FA with stress severity. Volume of cerebellum were negatively correlated with the HAMD scores (P<0.05). FAs of ipsilateral Cho/NAA ratio and bilateral ratio difference in the PSD group were not correlated with the HAMD scores (P>0.05), while the contralateral Cho/NAA ratio was positively correlated to the HAMD scores (P<0.05). All data were summarized in Table 5 and Figure 5 .
Discussion
Despite the extensive amount of literature on the involvement of cerebellum in psychiatric disorders [18] [19] [20] [21] [22] [23] , studies on the involvement of the cerebellum in PSD are scarce. In the present study, we applied multi-modality MRI and 1H-MRS to study morphology and metabolism of cerebellum and found morphological and metabolic alteration of the cerebellum in the PSD patients and the extent of those alterations are positively correlated with the severity of depression. Our study indicated that dysfunction of cerebellum is involved in the occurrence of PSD.
Cerebellum is implicated in processes associated with control of mood and emotion [18] . In recent years, a large number of studies have found that schizophrenia ,depression and other mental disorders were associated with cerebellar lesions [19] [20] [21] [22] , cerebellum lesions could cause cognitive emotional disorders [23] and reduction of the cerebellum volume was positively correlated with the severity of the depression [11, 24] . On the other hand, in our previous study, we showed that electroacupuncture at the GB12 acupoint (corresponding to cerebellar fastigial nucleus) improved the behavior of PSD rats [25] , such finding was also implicated in patients with PSD [26] [27] [28] . Our current finding is in line with the idea that cerebellar dysfunction may play a role in PSD [13] .
Although the mechanism leading to volume reduction of cerebellum remains unclear, one possibility is that it may be due to transneuronal degeneration, which is defined as 
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neuronal death resulting from the disruption of other neurons. There is much evidence to showing cerebellum has bidirectional connections with a large portion of the limbic lobe and the subcortical nuclei, amygdaloid complex, septal nuclei, and various hypothalamic and thalamic nuclei. Coincidentally, these are regions of interest in psychiatry because of their association with emotional processing [29, 30] . Thus, if transneuronal degeneration is taking place, it is possible that extensive synaptic connections between the cerebellum and other brain areas mentioned above may contribute to cerebellar neuronal death in the latter stages of stroke through transneuronal degeneration initiated from neurons in those brain regions after stroke.
Studies on white matter of the cerebellum in PSD are strikingly scares and few study or evidence was found. In the present study, we found that white matter of the cerebellum was disrupted in PSD group. This result further provided quantitative evidence that the white matter of the cerebellar were impaired in the PSD group. Dae-Jin Kim found that architecture of cerebellum work was altered in schizophrenia patients showing reduced local microstructural connectivity, which are associated symptoms of the disorder [23] . We also found a correlation between the FA and the HDRS scores in PSD group. Consistent with our finding, diffusion tensor imaging MRI also revealed significant changes of white matter networks of cerebellum in depression patients with intact cerebellar structure [24] . Thus we hypothesize that the disrupted white matter of the cerebellum involved in the occurrence of PSD.
Our Results indicated that Cho/Cr ratio in contralateral cerebellum of the PSD group was significantly higher than that of the CONT group, which confirmed that alteration of cerebellar metabolism in PSD patients. Cho is one of the components in phospholipids metabolism of cell membrane and can reflect transport function of erythrocyte membrane and cell proliferative activity. Increments of Cho/Cr ratio indicates that PSD may be related to increment of cerebellar nerve cell membrane phospholipids renewal and changes of membrane structure. Alterations of Cho in cerebellum have also been found in other psychiatric diseases [12, 31] , which is in line with our study results. The difference between current study and the report from Xu et al. [32] may be related to the difference of subjects, ROI locations and image resolution ratio that applied.
We also measured cerebellar NAA/Cr ratio and found that compared with the NORM group, the bilateral ratio was not significantly different. NAA is a marker of undeveloped nervous tissues and correlated with neurogenic integrity reflecting the functional status of neuron. This indicated that the pathogenesis of PSD in the acute phase may be non-neuronal changes. The study by Xu et al. [32] indicated that the NAA concentration in cerebellum in PSD patients was significantly different compared with that in the NORM group. We compared the bilateral Cho/NAA ratio in PSD patients simultaneously and found that Cho/ NAA ratio of contralateral cerebellum in the PSD group was higher than that in the CONT group; while there was no significant difference in ipsilateral cerebellum. This demonstrated that alteration of cerebellar Cho was more obvious than NAA in PSD patients. Interestingly, compared with the NORM group, the Cho/Cr, NAA/Cr and Cho/NAA ratios of bilateral cerebellum in the NORM group were not significantly different, which indicated cerebellar metabolism of patients without depression didn't change. These results further support to our hypothesis that was cerebellar metabolism were related to PSD.
Furthermore, in PSD patients Cho/Cr ratio only changed in contralateral cerebellum, while not in ipsilateral cerebellum compared with that of CONT group. Recently, many experiments have confirmed that crossed cerebellar diaschisis (CCD) which refers that various brain injuries causes the interruption of corticopontocerebellar tract (CPC) pathway which relays cortical excitability impulse from the contralateral cerebellum normally relayed through the pons and middle cerebellar peduncle and results in the decrease of contralateral cerebellar blood flow and metabolism and functional suppression [33] . CPC is consisted of the fiber bundle from the cortex to the ipsilateral pontine and the fiber from the pontine to the contralateral cerebellum [34] . The study by Strakowski etc. [35] indicated that corticalsubcortical reticulate system and limbic system were brain functional center for affective disorders whose abnormality might be the reason of affective disorders. Since was a wide range of fiber connection between cerebellum and these brain regions [24] , we guessed lesion of basal ganglia stroke in PSD patients interrupt CPC pathway and caused CCD that leads to alteration of metabolism of contralateral cerebellum.
There are several limitations such as small sample sizes, missing of other important metabolites (myoinositol and glutamate etc.), and so on. This may limit the scope of our finding. But anyway, cerebellar structure and metabolism changed in PSD patients indicating cerebellum injury after stoke and the injury is correlated with the severity of PSD. This study preliminarily confirmed that cerebellum was involved in the occurrence of PSD. It provided new ideas for further study on the pathogenesis and new clues for early prevention of PSD.
